Abstract
Introduction 53 54
Indonesia is one of the regions where the expansion of cash crop monocultures such as acacia 55 (timber plantations), rubber, oil palm plantations and smallholder agriculture has drastically 56 reduced the area of primary forest in the last two and a half decades (Bridhikitti and alter vegetation cover and structure and land surface properties such as albedo, emissivity, and 67 surface roughness which affect gas and energy exchange processes between the land surface 68 and the atmosphere (Bright et al., 2015) . 69
70
Replacing natural vegetation with another land cover modifies the surface albedo, which affects 71 the amount of solar radiation that is absorbed or reflected and consequently alters net radiation 72 and local surface energy balance. A lower or higher albedo results in a smaller or greater 73 reflection of shortwave radiation. As a result, the higher or lower amounts of net radiation 74 absorption may increase or decrease the surface temperature and change evapotranspiration 75 (Mahmood et al., 2014) . 76 77 respect an important determinant of the resistances or conductivities to heat, moisture, and 104 momentum transfer between the canopy and the atmosphere (Bright et al., 2015) facilitating the 105 amounts/ratios of sensible heat to water vapour dissipation away from the surface (Hoffmann 106 and Jackson, 2000) . 107
108
To understand the effects of land cover changes on LST, the associated biophysical variables 109 must be evaluated. This can be done through the surface radiation budget and energy 110 partitioning which unites these biophysical variables directly or indirectly: albedo as direct 111 determinant of the net solar radiation, NDVI as a vegetation parameter determining the 112 emissivity, which in turn determines the amount of reflected and emitted longwave radiation, 113
LST directly affecting the amount of emitted longwave radiation from the surface and ET, 114 which affects the amount of energy that is used for surface cooling via evaporating of water. 115
116
The effect of land cover change on LST is dependent on the scale, location, direction and type 117 of the change (Longobardi et al., 2016) . Several studies showed an LST increase after forest 118 conversion to built-up areas, agricultural land (Zhou and Wang, 2011) , crop land and pasture 119 lands (Peng et al., 2014) in China. Similar observations were reported for South American 120 ecosystems: low vegetation such as grasslands in Argentina were warmer than tall tree 121 vegetation (Nosetto et al., 2005) . In Brazil, the surface temperature increased after the 122 conversion of natural Cerrado vegetation (a savanna ecosystem) into crop/pasture (Loarie et al., 123 2011a ). Similar effects were also observed for other South American biomes (Salazar et al., 124 2016) . In a global analysis, Li et al. (2015) showed that the cooling of forests is moderate at 125 mid latitudes but Northern boreal forests are warmer, an indication that the effect of land cover 126 change on LST varies with the location of the land cover change (Longobardi et al., 2016) . advantage of MODIS data is the availability of readily processed products at high temporal 137 resolution (daily) at medium (250 -500 m) to coarse (1000 -5000 m) spatial resolution scale; 138 MODIS LST product (MOD11A1/MYD11A1) for example is provided at a daily temporal 139 resolution with a spatial resolution of 1 km. Landsat data are provided at a higher spatial 140 resolution (30 m), but the temporal resolution is however limited to 16 days and the retrieval of 141 LST requires the correction of the satellite observed radiances for atmospheric absorption and 142 emission (Coll et al., 2009 ). Besides LST, the connected biophysical variables of the energy 143 and radiation budget can be derived from the visible and near-infrared (VIS-NIR) bands of 144 MODIS or Landsat, making integrated monitoring of the biophysical variables related to 145 changing land surface possible. In Indonesia, a large proportion of the land use changes is 146 driven by smallholders (Dislich et al., 2016) , thus a combination of Landsat (for a fine spatial 147 resolution) and MODIS (for temporal developments) seems desirable. 148
149
The modification of the physical land surface properties influences climate and local 150 microclimatic conditions via biogeochemical and biophysical processes. Therefore, given 151
Indonesia's history of large scale agricultural land conversion and governmental plans to 152 substantially expand the oil palm production (Wicke et al., 2011) , it is important to study the 153 effects of the expansion of cash crop areas on the biophysical environment, especially on LST 154 as a key land surface parameter. These effects have been poorly studied in this region and 155 according to our knowledge this is the first study to quantify the effects of land use change on 156 LST in Indonesia. We focus on the Jambi province (on Sumatra/Indonesia) as it experienced 157 large land transformation towards oil palm and other cash crops such as rubber plantations in 158 the past and it may serve as an example of future changes in other regions. 159
160
Our main objective is to quantify the differences in LST across different land cover types and 161 to assess the impact of cash crop expansion on the surface temperature in the Jambi province in 162 the past decades (2000 -2015) . With this study we aim to (1) evaluate the use of Landsat and 163 MODIS satellite data as sources for a reliable surface temperature estimation in a tropical region 164 with limited satellite data coverage by comparing the surface temperatures retrieved from both 165 satellite sources to each other and against ground observations, (2) to quantify the LST 166 variability across different land cover types and (3) to assess the long term effects of land 167 transformation on the surface temperature against the background of climatic changes and (4) 168 to identify the mechanisms that explain the surface temperature changes caused by alterations 169 of biophysical variables. In this study we compare the surface temperatures of different land 170 cover types that replace forests (i.e. oil palm, rubber and acacia plantations, clear cut land and 171 urban areas) by using high resolution Landsat and medium resolution MODIS satellite data and 172 discuss the differences by taking into account other biophysical variables such as the albedo, 173 The study was carried out in the lowlands (approx. 25 000 km 2 ) of the Jambi province (total 180 area 50 160 km 2 ) on Sumatra, Indonesia, between latitudes 0°30´S and 2°30´S and longitudes 181 101°E and 104°30´E (Fig. 1) . This region has undergone large land transformation towards oil 182 palm and rubber plantations over the past decades and thus may serve as an example of expected 183 changes in other regions of Indonesia (Drescher et al., 2016) . The area has a humid tropical 184 climate with a mean annual temperature of 26.7 ± 0.2 °C (1991 -2011, annual mean ± SD of 185 the annual mean), with little intra-annual variation. Mean annual precipitation was 2235 ± 381 186 mm and a dry season with less than 120 mm monthly precipitation usually occurred between 187
NDVI and evapotranspiration (ET
June and September (Drescher et al., 2016) . Previously logged rainforests in the Jambi province 188 have been converted to intensively managed agro-industrial production zones and into 189 smallholder farms to grow cash crops of rubber (Hevea brasiliensis) and oil palm (Elaeis 190 guineensis) or fast-growing tree species such as Acacia mangium for pulp production (Drescher 191 et al., 2016) . The area cultivated with oil palm grew faster than the area cultivated with rubber 192 plantations between 1990 and 2011 (Clough et al., 2016) . where εNB is the emissivity of the surface obtained from the NDVI (Supporting information, 296 Table S1 ), k1 (= 666.09 mW/cm 2 /sr/μm) and k2 (= 1282.71 K) are sensor constants for 297 converting the thermal radiance obtained from band 6 of Landsat 7 to surface temperature. 298
The surface temperature derived from Landsat thermal band was compared with the MODIS 299 LST product that was acquired on the same day at 10:30 am local time. The Landsat LST image 300 was first resampled to MODIS resolution to enable a pixel to pixel comparison, followed by 301 extracting the average LST of 7 land cover types with the data set containing the large 302 delineated plots (Fig. 1) . Where Sd↓ is the incoming shortwave solar radiation (W/m 2 ) at the surface; α is the surface 321 albedo (equation 2); ε0 is the surface emissivity (-); εa is the atmospheric emissivity (-); σ is the 322
Stephan-Boltzmann constant (5.67 × 10 -8 W/m 2 /K 4 ); LST is the surface temperature (K, 323 equation 3); Ta is the sky temperature (K). The surface emissivity (ε0) is derived from the NDVI 324 and is described in the supporting information (Table S1) heat transport, rah, is calculated through an iterative process with air temperature measured at 2 343 m as input. SEBAL is described in Bastiaanssen (2000) and Bastiaanssen et al. (1998a Bastiaanssen et al. ( , 1998b . 344
The application of SEBAL in this research is briefly described in the supporting information 345 The ∆LST between RU, MOP, PF, YOP, UB and CLC land cover types and FO were all 454 positive, meaning that the other land cover types were warmer than forests (Fig. 4a &  455 Supporting Information S4 and S5). RU and MOP were 0.4 ± 1.5 °C and 0.8 ± 1.2 °C warmer 456 than forest, respectively. PF and YOP were much warmer than forests (∆LSTPF -FO = 2.3 ± 1.1 457 °C, ∆LSTYOP -FO = 6.0 ± 1.9 °C). The largest ∆LSTs were between forest and the non-vegetated 458 land cover types, i.e. UB (∆LST = 8.5 ± 2.1 °C) and CLC (∆LST = 10.9 ± 2.6 °C). The LST (Table S6 .3, Supporting information S6) showed that ET was a strong 508 predictor of LST for each land cover type in this study and that NDVI and albedo were minor 509 predictors of LST. 510 511 3.3 Effects of land-use change on the provincial surface temperature in the past decades 512
513
The average annual LST of Jambi was characterized by a fluctuating but increasing trend during 514 daytimes ( Fig. 5a and 5b) (Fig. 5a ). This LST warming is much smaller than the overall 530 warming at provincial level of 1.05 °C. The LST time series at other times showed no significant 531 trends: the mean afternoon LST (1:30 pm) increased by -0.05 °C per year (R 2 = 0.01, p = 0.31) 532 (Fig. 5b) , the night and evening LST by 0.01°C per year (Fig. 5c and 5d, In our study we retrieved the surface temperature from a Landsat image and compared this with 557 MODIS LST. Our results showed a good agreement between both LSTs (Fig. 3) , which is 558 comparable to other studies and thus gives confidence in our analysis. Bindhu et al. (2013) 559 found also a close relationship between MODIS LST and Landsat LST by using the same 560 aggregation resampling technique as our method and found a R 2 of 0.90, a slope of 0.90, and 561 an intercept of 25.8 °C for LST, compared to our R 2 of 0.8, slope of 1.35 and intercept of -562 11.58 °C (Fig. 3) . Zhang and He (2013) validated Landsat LST with MODIS LST and also 563 found good agreements (RMSD 0.71 -1.87 ºC) between the two sensors, whereas we found a 564 RMSE of 1.71 ºC. Nevertheless, there still are differences and slope versatility between the two 565 satellite sources. These differences are typically caused by differences between the MODIS and 566
Landsat sensors in terms of (a) different sensor properties e.g. spatial and radiometric resolution 567 The land cover types in our study covered a range of land surface types that develop after forest 605 conversion. This is the first study in this region that includes oil palm and rubber as land use 606 types that develop after forest conversion. The coolest temperatures were at the vegetated land 607 cover types while the warmest surface temperatures were on the non-vegetated surface types 608 like urban areas and bare land. Interestingly, the oil palm and rubber plantations were only 609 slightly warmer than the forests whereas the young oil palm plantations had clearly higher LST 610 than the other vegetated surfaces. repeating patterns with young plantations (Dislich et al., 2016) . Given the large LST differences 617 between forests and bare soils or young oil palm plantations that we observed, a substantial 618 warming effect of land transformation at regional scale is expected. 619 620 4.3 Drivers of local differences between different land cover types 621
622
All the land cover types (except Acacia Plantation Forests) had a higher albedo than forest, 623 indicating that these land cover types absorbed less incoming solar radiation than forests. 624 Nevertheless, these land cover types were warmer than forests, suggesting that the albedo was 625 not the dominant variable explaining the LST. Indeed, the statistical analysis showed that ET ~ 626 LST had a higher correlation than albedo ~ LST. The ΔETs were significant, underlying that 627 despite their higher albedo, all land cover types had higher LSTs than forests related to lower 628 ET rates than forests. On the other hand, forests that absorb more solar radiation because of the 629 lower albedo, have lower LST because of the higher ET they exhibit, hereby identifying 630 evaporative cooling as the main determinant of regulating the surface temperature of all 631 vegetation cover types (Li et al., 2015) . and latent heat and heat storage. The effect is an increase of the mean temperatures leading to 688 warming effects in all tropical climatic zones (Alkama and Cescatti, 2016) . We point here that 689 our study (1) included a ground heat flux, but did not take into account the storage of heat in 690 the soil and the release of stored heat out of the soil during the daily cycle and (2) that the 691
Landsat satellite image was obtained under cloud free conditions with high shortwave radiation 692 input and low fraction of diffuse radiation. Therefore, the LST retrieved on cloud free days 693 might be overestimated compared to cloudy days, as the differences in LST between land uses 694 are supposed to be lower when diffuse radiation increases. 695
696
Our study is the first to include the oil palm and rubber expansion in Indonesia. In Indonesia, 697 smallholders take 40% of the land under oil palm cultivation for their account (Dislich et al., 698 2016) . Because the landscape in Jambi is characterized by a small-scale smallholder-dominated 699 mosaic including rubber and oil palm monocultures (Clough et al., 2016) , studies using medium 700 to coarse resolution data are not able to capture the small scale changes and processes at the 701 small-scale level. By using high resolution Landsat data we were also able to include the effects 702 The observed trends of the provincial air temperature (Fig. 5f ) were significant, suggesting that 768 a general warming due to global and regional effects contributes to the observed warming at 769 the provincial level during day and night time, but that it is smaller than the land cover change 770 induced effects (Supporting Information S9, Table S9 .1 & S9.2) at the provincial level (Fig. 5a  771 and 5b). In summary, we studied the effects of land use and land cover changes on the surface 800 biophysical variables in Jambi and explained the underlying mechanisms of the surface 801 temperature regulation. We derived biophysical variables from satellite data, analyzed the 802 biophysical impacts of deforestation and on a local scale we found a general warming effect 803 after forests are transformed to cash or tree croplands (oil palm, rubber, acacia) in the Jambi 804 province of Sumatra. The warming effect after forest conversion results from the reduced 805 evaporative cooling, which was identified as the main determinant of regulating the surface 806 temperature. On a regional scale, we saw that the effects of land cover changes are reflected 807 back in changes of the LST, NDVI and air temperature in Jambi. 
